The oligodeoxyribonucleotides, pCCCAGCCTCAA, which is complementary to nucleotides 5274-4284 of bacteriophage 0X174 viral DNA, and pCCCAGCCTAAA, which corresponds to the same sequence with a C •* A change at the ninth nucleotide, were synthesized enzymatically. The second of these oligonucleotides was used as a primer for E_. coli DNA polymerase I, from which the 5'-exonuclease has been removed by proteolysis (Klenow enzyme), on wild-type 0X174 viral DNA template. After ligation, this yielded closed circular heteroduplex DNA with a G, A mismatch at nucleotide 5276. Transfection of E. coli spheroplasts with the heteroduplex DNA produced phage mutated at this nucleotide (G -+ T in the viral DNA) with high efficiency (13%). The mutant DNA, which corresponds to the gene B mutant aml6, was reverted (T -»• G) by the wild type oligonucleotide with an efficiency of 19%. The nucleotide changes were established by sequence determination of the mutated viral DNA using the enzymatic terminator method. The production of specific transversion mutations, together with a previous demonstration of specific transition mutations (1), established that short enzymatically synthesized oligodeoxyribonucleotides can be used to induce any class of single nucleotide replacement with high efficiency and thus provide a powerful tool for specific genetic manipulations in circular genomes like that of 0X174.
INTRODUCTION
Recently, we have shown that the two transition mutations, AT -l ""~*GC, can be induced with high efficiency at a specific nucleotide in 0X174 DNA by using short synthetic oligodeoxyribonucleotides as mutagens (1) . The transition mutations were effected at nucleotide 587 of the 0X174 genome in the region where genes D and E are superimposed (1) (2) (3) . (All numbering of the 0X174 genome in this paper refers to the sequence reported in reference 3).
The general strategy was to use the mutating oligodeoxyribonucleotide as a primer for E. coli DNA polymerase I from which the 5'-exonuclease had been removed by proteolysis (4-6) with wild-type viral DNA as template. After ligation using T4-DNA ligase, the closed circular heteroduplex DNA was used to transfect E. coli spheroplasts followed by the isolation of mutant phage (1) .
The success in producing specific transition mutations encouraged us to investigate the use of short synthetic oligodeoxyribonucleotides to induce specific transversion mutations, there being no methods available for programming such changes. The target for these experiments was nucleotide 5276 of bacteriophage 0X174 DNA, which in wild-type DNA is G (3,7) . Replacement of this G by T results in a well-characterized mutant in gene B; aml6 (7) .
The specific details of the nucleotide sequences involved in these experiments are shown in Figure 1 . Production of the mutant involves a G,A mismatch and its reversion a T,C mismatch at nucleotide 5276, thus providing examples of the two structural types of transversion-inducing nucleotide pairings (purine-purine or pyrimidine-pyrimidine). The success of these experiments described in this paper, in conjunction with the previous produc- 
(9).
One unit of Si is the amount of enzyme which converts to acid solubility 10 pg of sonicated, denatured calf thymus DNA in 10 min at 45° (9).
Other chemicals and enzyme preparations have been described previously (1).
Synthesis and Characterization of Oligodeoxyribonucleotides
Synthesis was by the stepwise enzymatic method, using _E. coli polynucleotide phosphorylase (10, 11) , with the oligodeoxyribonucleotide pCCC (12) as the initial primer. Conditions used for each step of the synthesis are summarized in Table 1 . At each step unreacted primer was recycled; details and overall yields are listed in Table 2 . The purity of each oligodeoxyribonucleotide was established by high pressure chromatography on RPC-5 (10,11) and its composition by quantitative deoxyribonucleoside analysis ( Table 2 ) using high pressure chromatography on Aminex A-5 (10,11). The final oligodeoxyribonucleotide products, pCCCAGCCTCAA and pCCCAGCCTAAA were 32 P-phosphate labeled at their 5'-termini using T4-polynucleotide kinase (13) and their sequences confirmed by two-dimensional electrophoresis-homochromatography (14, 15) after partial digestion with endonuclease Pi (1, 16) . The characterization of pCCCAGCCTCAA is shown in Figure 2 .
DNA Preparations
Viral DNAs were isolated as described previously (1) . triphosphates removed on Sephadex G-100 (7). The resultant polynucleotide, after lyophillzation, was dissolved in 10 pi of buffer containing 50 mM NaCl, 6.6 mM Tris-HCl, pH 7.4, 6.6 mM MgCl 2 and 6.6 mM 2-mercaptoethanol and digested with Hae III (1 unit) for 30 min at 37°. The product was fractionated under denaturing conditions on a 5% polyacrylamide gel (7) with Hae III fragments of denatured nick-translated 0X174 agK3ci57O RF DNA (17) as size markers.
The gel was fixed and radioautographed under standard conditions (7); the results of this experiment are shown in 
Transfection and Genetic Analysis
The same procedures were used as described previously (1) with the following changes. Spheroplasts were prepared from J2. coli C600.5 rather than from JL. coli W6 and 0.1 ml of lysozyme (Seikagaka Kogyo Co., Tokyo, Japan, 20 mg/ml) per ml of cell suspension was used. Transfections were carried out for 5 hr at 30°.
Total phage from transf ections were assayed on J2. coli CQ 2 (su ) at 30°, the host and condition being permissive for wild-type and aml6 phage, and wild-type phage were assayed on JJ. coli C (su") at 30° ( Table 3) .
Isolation of Mutant Phage
(a) Presumptive aml6 mutants, produced by the mutant oligodeoxyribonucleotide, pCCCAGCCTAAA. Phage from six plaques which did not grow on 1-coli C (su") were grown on E. coli HF4714 (su + ) or Ii. coli CQ 2 (su + ) as described previously (1) . 200 mM MgSOi, was added 8 min after infection to inhibit cell lysis (19) .
(b) Presumptive wild-type revertants, produced by the wild-type oligodeoxyribonucleotide, pCCCAGCCTCAA. Phage from four plaques which grew on _E. coli C (su~) were combined and grown on E. coli C, MgSO^ again being used to inhibit cell lysis.
When aml6 phage were purified by buoyant density centrifugation in CsCl, two bands of phage were obtained, the lighter band containing about 75% of . Since viral DNA is the template, the sequence is that of the complementary strand. The sequence corresponding to the mutagenic oligodeoxyribonucleotide is underlined and the mutant nucleotide is indicated by the arrow.
were used in the present studies. The two oligodeoxyribonucleotides which were synthesized each contain eleven nucleotides because they were most accessible to the method of synthesis, namely step-wise enzymatic synthesis catalysed by E. coli polynucleotide phosphorylase in the presence of Mn 2 ions (10,11). The syntheses were routine; only two steps resulted in low yields. These were the addition of G to pCCCA and the addition of C to pCCCAGCCT (Tables 1 and 2 ). On the small scale on which these syntheses were carried out, the final products were obtained in nmol amounts. These were ample for the present studies since the mutation experiments are on a pmol scale.
The specificity of two synthetic oligonucleotides for the desired site on the 0X174 wild-type viral DNA template was demonstrated in a pulse-chase experiment which measures the distance of the priming site(s) from the first Hae III cleavage site downstream (Fig. 3) . The experiments show that the mutant oligodeoxyribonucleotide, pCCCAGCCTAAA, primed at a unique site on wild-type template, 325 nucleotides from the first down-stream Hae III cleavage. The 0X174 genome contains a cleavage site at nucleotide 4949, and thus a fragment containing 325 nucleotides is predicted. The wild-type oligodeoxyribonucleotide, pCCCAGCCTCAA, on wild-type template, also produced the same 325 nucleotide fragment after Hae III cleavage (Band A, Fig. 3 ). However, an additional fragment containing 125 nucleotides was produced (Band B, Fig. 3 The replacement of G by T at nucleotide 5276 of viral DNA, using pCCCAGCCTAAA as the mutagenic primer for IS. coli DNA polymerase I (Klenow) followed by ligation to obtain closed circular heteroduplex DNA and transfection of 12. coli spheroplasts proceeded efficiently ( Table 3) . As indicated earlier, the nucleotide is expected to introduce an amber mutation in the reading frame of gene B (7, 23) . The sequence of the DNA of the am mutants confirms t"hat the change in DNA sequence has been induced at the desired site (Fig. 4) .
Because pCCCAGCCTCAA has a second priming site on viral DNA template (see above), a modified protocol for synthesis of heteroduplex DNA was used to induce preferential priming at the desired mutant site on aml6 viral DNA (see Experimental Procedures) . The conditions resulted in the efficient replacement of T by G as judged by the induction of reversion to wild-type (Table 3) . DNA sequence determination established that the desired nucleotide replacement had been achieved (Fig. 5 ).
The efficiency of production of the two transversions, G •* T (13%) and In the experiments which produced transition mutations at nucleotide 587, the relative numbers of desired mutant progeny were increased significantly by treatment of the synthetic heteroduplex with the single-strand specific endonuclease Si (1). Presumably, the enzyme selectivity destroys incomplete duplexes and single-stranded circles which are known to transfect more efficiently than duplex DNA (25) . In the present experiments, endonuclease Si had little or no effect on the efficiency of production of mutant progeny (Table 3 ). This may indicate more efficient duplex synthesis in the present experiments, but it could also be an indication of the presence of a singlestrand specific endonuclease contaminant in the enzymes used to produce heteroduplex DNA. It is probably not profitable to try to interpret quantita- Table 3) that errors by the DNA polymerase or the DNA ligase play no role in the production of the mutations at nucleotide 5276 (27) .
In conclusion, the present experiments have established the general principle that short synthetic oligodeoxyribonucleotides can be used to produce specific transversion mutations with high efficiency. This complements the already established procedure for transition mutations (1) . In that the oligodeoxyribonucleotides are short and they can be synthesized by a simple enzymatic method (10, 11) , the procedure is generally accessible to molecular biologists. The production of an amber codon, starting at nucleotide 5276, which is lethal in ^u~ hosts, constitutes a formal synthetic confirmation that this reading frame, previously assigned to gene B (7, 23) does define the gene of an essential protein. This illustrates one of the many potential biological applications of this specific mutagenic method.
